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The role of the quark condensate in low-energy QCD and its behaviour 
in nuclear matter are discussed. Partial restoration of chiral symmetry, as 
indicated by a reduction of the quark condensate in matter, could significantly 
alter the properties of nucleons and mesons. Various signals of these effects 
are discussed: enhancement of the axial charge of a nucleon, lepton pair 
production and iT-nucleus attraction. 

I. INTRODUCTION 

Chiral symmetries are features of theories with massless fermions, where the fields de- 
scribing right- and left-handed particles decouple. They are preserved by interactions with 
vector fields, such as photons, gluons, W and Z bosons. In contrast, interactions with a 
Lorentz scalar character, such as mass terms, couple right- and left-handed fields and so 
break these symmetries. 

The importance of chiral symmetries has been recognised since the observation of parity 
violation in the weak interaction: when a nucleus /3-decays it emits a (dominantly) left- 



*Talk presented at the Nuclear Physics Study Weekend on Extreme States of Nuclei, Abingdon, 
October 1995. A more complete review of the ideas presented here can be found in [1] and an 
introduction for nonspecialists in [2]. 
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handed electron and a right-handed antineutrino. The interaction couples only to left-handed 
particles and right-handed antiparticles and is invariant under a left-handed weak isospin 
symmetry. The interactions of quarks and leptons thus respect symmetries of massless 
particles, yet the particles themselves clearly have masses. The answer to this apparent 
conundrum was provided by Nambu: the chiral symmetries are hidden (or "spontaneously 
broken"). By this we mean that, although the dynamical equations describing the particles 
respect these symmetries, the ground state or vacuum does not.[] 

The interactions of quarks and leptons with this asymmetric vacuum give rise to the 
masses of these particles. An important consequence of this is that their masses should not 
be regarded as universal constants, but can depend on the environment of the particles. 

In the case of quarks we should be careful to distinguish two contributions to their 
masses. The current mass of a quark is generated by the Higgs field of the electroweak 
interaction, and so is similar in origin to the lepton masses. The current masses range from 
around 7 MeV for the up and down quarks to ~ 180 GeV for the top quark. In contrast, 
the dynamical mass of a quark is produced by the strong interaction. It arises because the 
vacuum of Quantum Chromodynamics (QCD) contains a condensate of quark- ant iquark 
pairs, rather like the condensate of Cooper pairs of electrons in a superconductor. For the 
up and down quarks, these masses are around 300-400 MeV and they are the relevant ones 
for simple quark models of mesons and baryons. 

The typical energy scale associated with the Higgs field is ~ 100 GeV, corresponding 
to the temperature at which a phase transition is expected to a state of massless quarks, 
leptons, W and Z bosons. Hence for all practical purposes we can regard these current 
masses of quarks as constants. 

In contrast, the typical energy scale of QCD is ~ 100 MeV, the temperature at which 



For more on the symmetries of the "Standard Model" of the strong, electromagnetic and weak 
interactions and their dynamical consequences, see (3|. 
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the transition to a quark-gluon plasma is expected. Of the various phase transitions that 
occurred as the early universe cooled down after the big bang, this is the only one that we 
may be able to study experimentally, using ultrarelativistic heavy- ion collisions Q. 

A similar transition to quark matter is also expected at low temperature but high density. 
This may be relevant to the extreme states of matter at the centres of neutron (or quark?) 
stars. Although these densities are hard to create in the laboratory, precursors of this 
transition may already be present at normal nuclear densities, as discussed here. 

II. CHIRAL SYMMETRY 
A. SU(2)xSU(2) 

As already mentioned the current masses of the up and down quarks are very much 
smaller that typical hadronic masses. Hence to a very good approximation the QCD La- 
grangian is invariant under both ordinary isospin rotations, 

^-(l-±i/3.<rM (2.1) 

and axial isospin rotations, 

V> -> (1 - \ia ■ TTs)^, (2.2) 

where a and (3 denote infinitesimal parameters. By taking combinations of these rotations 
involving 1 ± 75 we can independently rotate the isospin of right- and left-handed massless 
quarks. This chiral symmetry is thus known as SU(2)^xSU(2)^. 

Interactions with vector fields (such as gluons and photons) respect this symmetry since 
the current ipj^i/j is invariant under axial rotations. In contrast, the scalar and pseudoscalar 
densities of quarks are not invariant, transforming under (2.2) as 

ipir^ijj — > ipiT'Ys'ip + ctipi/j- (2.3) 
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Hence fermion mass terms or couplings to scalar fields break the symmetry. 

The Noether currents corresponding to the transformations (2.1,2) are the (vector) 
isospin current 

V" = VYl^, (2.4) 

and the axial current 

= ^75^. (2.5) 

Although SU(2)/jxSU(2)x is a good approximate symmetry of the QCD Lagrangian, it 
is hidden by the asymmetric nature of the vacuum. As a result pions are very close to being 
the massless "Goldstone bosons" of this symmetry, which explains why they are so much 
lighter than other hadrons. An order parameter that describes this aspect of the vacuum is 
the nonzero expectation value of the scalar density of quarks, a quantity often called "the 
quark condensate." 

Another consequence of the noninvariant vacuum is the matrix element that allows 
charged pions to decay via the axial-current part of weak interaction: 

(0\A f l(x)\rr J ( q )) = i f 7r q^-^5 lJ , (2.6) 

where the pion decay constant is f n = 92.4 ± 0.3 MeV ||. The divergence of this equation, 

(0|3X(*)M<7)> = /X^Hi, (2.7) 
allows us define "interpolating" pion fields, 

4>{x) = -L-d^ix) (2.8) 

jTT' n 7T 

These operators connect the vacuum and one-pion states with the same normalisation that 
canonical pion fields would have. The advantage of this choice is that, by going to the soft- 
pion limit q —>■ 0, we can relate amplitudes for pion scattering to the axial transformation 
properties of the states involved. 

These ideas can be extended to include the three lightest flavours of quarks, although 
the resulting symmetry is more strongly broken by the larger current mass of the strange 
quark and hence kaons are less close to being Goldstone bosons. 

4 



B. Linear sigma model 



A convenient example of a field theory that embodies the basic features of chiral sym- 
metry is the linear sigma model ||. This based on a chiral multiplet of meson fields a, <fi 
that transform under SU(2)/?xSU(2)l like the quark bilinears i[)if) and ipirj^ip m (2-3). Its 
Lagrangian has the form 

£ = ^[0 + g(a + i<\> ■ r 75 )]^ + l Ma) 2 + ^d^) 2 - U(a, 0), (2.9) 

where the fermion fields ip could describe either nucleons or quarks, depending how we want 
to use the model. 

The potential energy has a symmetric "Mexican hat" form, 

^ o (a,0) = ^(a 2 + 2 -/ 2 ) 2 , (2.10) 

familiar in many other areas of physics, such as ferromagnets and the Higgs sector of elec- 
troweak theory. The physical vacuum a = —f n , <fi = lies in the circular minimum running 
round the brim of the hat. It is not chirally invariant and so the symmetry is hidden. With 
this potential, pions are massless Goldstone bosons while the a mesons are massive. The 
crown of the hat, where the fields vanish, is the state where manifest chiral symmetry is 
restored. It becomes the minimum-energy configuration in the presence of matter at high 
enough temperature or density. 

The model can be made more realistic by adding an explicit symmetry breaking term: 

[/(ai) = [/ (^)+/X^ (2.11) 

This tips the Mexican hat, breaking the symmetry and giving the pions their observed 
masses. 

III. QUARK CONDENSATE 
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A. Gell-Mann Oakes-Renner 



As an example of PCAC, consider the pion propagator in vacuum, denned using the pion 
fields of (2.8): 

IE fd^e^(0md,Af(x),d^(0))\0)= i J^ 1 f( q 2 ), (2.12) 

where we know the strength with which our fields couple to pions on their mass shell and 
so f(m 2 ) = 1. The dynamical assumption of PCAC is that f(q 2 ) is a smoothly varying 
function (and m n is small on typical hadronic scales). Hence to a good approximation we 
can replace /(0) by its on-shell value value when we extrapolate off-shell to q 2 = 0. In this 
"soft-pion" limit, we can integrate (2.12) by parts and rewrite it as 

§£<0|[QUQitt(0)]]|0> ~ -flml. (2.13) 

i 

where the Q\ are the axial charge operators and 7i(x) is the Hamiltonian density. This 
double commutator picks out the part of the Hamiltonian that breaks the symmetry and so 
(2.14) gives a connection between the pion mass and the strength of the symmetry breaking, 
known as a Gell-Mann-Oakes-Renner (GOR) relation 0. Its form may also be recognised 
as that of an energy-weighted sum rule saturated by a single state, the pion. 

The symmetry-breaking part of the QCD Hamiltonian is mipij> and so the GOR relation 
can be written as 

m(0|^|0) ^ -flml (2.14) 

Chiral symmetry thus provides a link between a QCD matrix element on the l.h.s. and pion 
observables on the r.h.s. 

The current masses of the light quarks have been estimated from hadron mass splittings 
and QCD sum rules ||, although these methods are not very precise. Values for m lie in 
the range 5-10 MeV (for a renormalisation scale of 1 GeV). Since m is not known to within 
a factor of two, the quark condensate is similarly uncertain. Typical values for (O|'0'0|O) are 
around —3 fm -3 . Note the negative sign, which implies that the positive scalar densities of 
quarks in hadrons will tend to reduce the magnitude of the condensate in matter. 
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B. Sigma commutator 



To discuss what happens to the quark condensate in nuclear matter, we also need the 
corresponding matrix element for a single nucleon. This is known as the pion-nucleon sigma 
commutator and can be written in a form analogous to (2.13), 

<r™ = lY,( N \[Q i 6M> ir \]\ N ), (2-15) 

i 

where \N) denotes a zero- momentum nucleon state. The commutator is thus the contribution 
of chiral symmetry breaking to the nucleon mass. It can also be expressed in terms of the 
integrated scalar density of quarks in the nucleon as 

a nN = m(N\ U\^ip\N). (2.16) 



A value for be deduced from nN scattering amplitudes by using dispersion 

relations and extrapolating to the soft-pion limit. The most recent determination by Gasser 
et al. gives a nN = 45 ± 7 MeV || , with a significant uncertainty because of inconsistencies 
between the data sets used in the extrapolation. Taking a typical value of m = 7 MeV 
for the current quark mass, we find that this corresponds to an integrated scalar density of 
quarks in the nucleon of about 6, much larger than the 3 one would expect from a simple 
quark model. 

This difference from simple quark models arises from the cloud of virtual pions that sur- 
rounds the nucleon. These can be important for many nucleon properties, but are especially 



so for a vrr . Here the cloud can contribute 20-25 MeV yjK$n\. Added to the 12-25 MeV 
from the valence quarks, this can explain the value deduced from experiment. Moreover the 
importance of the pion cloud means that the form factor associated with a nN is long ranged, 
with a radius of about 1.3 fm. Again this is consistent with the results of Gasser et al. [pf. 



IV. QUARK CONDENSATE IN MATTER 



Having presented values for the scalar densities of quarks in the vacuum and a single 
nucleon, I turn now to nuclear matter. At low densities we can treat the nucleons as 
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independent and simply add their contributions to get the spatially averaged scalar density 
of quarks: 

m(^ip) p = m(ip'if)) + ct^n P, (3.1) 

where p is the density of nucleons. This leading (linear) density dependence is independent 
of any model for the interactions between the nucleons |I^-|l4|. The poorly known current 
mass can be cancelled by taking the ratio to the vacuum condensate and using the GOR 
relation (2.14) to get 

= (3-2) 
If we assume that this linear density dependence holds up to nuclear matter density, p ~ 
0.17 fm -3 , then we expect a ~ 30% reduction in the quark condensate in nuclear matter. 
In terms of the picture provided by the linear sigma model, the vacuum has been pushed 
towards the crown of the Mexican hat. Chiral symmetry is thus partially restored, which 
could have a variety of interesting consequences, such as decreases in the constituent masses 
of quarks (and hence of hadron masses). 

This result for the condensate in matter raises three questions: 

• What are the corrections to it from higher-order dependence on the density? 

• How do correlations between nucleons affect the degree of symmetry restoration? 

• What are the consequences of partial symmetry restoration for nucleon and meson 
properties? 

A. Corrections 

Simple arguments suggest that terms of higher order in p should be small. As suggested 



by Cohen et al. [13| , the Feynman-Hellmann theorem (a consequence of the variational prin- 
ciple) can be used to estimate the scalar density from models for nuclear matter. Applying 
this to the dependence on m of the energy density of nuclear matter S gives 

rnlipip) = m— — . (3.3) 
dm 
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This energy can be written in the form 

£ = £ + M N p + B(p), (3.4) 

where So is the energy density of the normal vacuum, the term linear in p arises from the 
rest masses of the nucleons, and B(p) includes all terms of higher order in p, arising from 
the nucleons' kinetic and potential energies. Hence the quark condensate can be expressed 
as 

rn(il)^)p = -flml + a 1TN p + Aa(p), (3.5) 

where three terms correspond to the terms in (3.4), and in particular Acx(p) arises from 
the binding energy. Since the binding energy per nucleon is less than 2% of M N in nuclear 
matter, it would be rather remarkable if the higher-order corrections in Aa(p) were not 
much smaller than the linear term. 

This expectation is borne out by estimates of the density dependence of the quark con- 
densate in various models of nuclear matter. Contributions from pion exchange show a 
cancellation between Pauli blocking of the pion cloud and pion exchange with tensor corre- 
lations | I6| . Similarly heavier-meson exchanges indicate that there are strong cancellations 



between scalar mesons, which contribute attractively in the iViV interaction, and vector 



mesons, which are repulsive |13],[15|. Estimates using realistic NN interactions in relativistic 



BHF calculations confirm this fT7| , [T8|j , showing very small deviations from linear density 
dependence up to the density of normal nuclear matter. Beyond this, higher-order effects 
set in rapidly and the extrapolations become very model-dependent. Clearly more reliable 
models are needed for the study of nuclear matter at very high densities. 

B. Correlations 

In examining the consequences of the change in the quark condensate, the range of the 
effect is crucial. If it were short-ranged then the spatial average of would not be a 
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useful quantity to consider. The strong repulsive correlations between nucleons would leave 
them as isolated islands of restored symmetry surrounded by a sea of normal vacuum ||19|| . 

However such a picture is not realised since, as described above, the pion cloud provides 
a large part of the scalar density of a single nucleon. The scalar density can thus extend well 
beyond the quark core of that nucleon. The corresponding contributions to the symmetry 
restoration experienced by a second nucleon can be expressed in terms of two-pion exchange 
between the nucleons. The partial symmetry restoration is thus long-ranged, and should 



survive in the presence of hard-core correlations |20 



Calculations in the linear sigma model [20] suggest a connection between chiral sym 



metry restoration and the attractive central interaction between nucleons. Both arise from 
exchange of two pions with zero net spin and isospin and have a similar range. However the 
various diagrams appear in different combinations and so, while closely related, symmetry 
restoration and the central attraction are not identical. 

C. Consequences 

Partial restoration of chiral symmetry reduces the dynamical quark mass and so it is 
also expected to reduce the masses of nucleons and mesons in nuclear matter. In the case 



of nucleons this is very similar to the role of the scalar fields of Dirac phenomenology |22 
A rule of thumb suggested by the simple scaling arguments of Brown and Rho is that 
the decrease in hadron masses is similar to that in the condensate: 

M* N ml (^)p (3 6) 



M N m v (i/nj>)o 

where the stars indicate values for nucleon and vector meson masses in matter. 

The fact that these changes act at the quark level means that the internal structure of the 
nucleon can also be modified. The consequences for nucleon properties in medium have been 
estimated in a variety of models (see for references). Most of these predict qualitatively 
similar effects: increases in the proton charge radius and nucleon magnetic moments and a 
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decrease in the coupling to the axial current. There have also been suggestions that these 
modifications of nucleon structure could explain the EMC effect: differences between the 



momentum distribution of quarks in a nucleus compared with that for a free nucleon |23 
Combined with changes in meson masses these modifications of nucleons could alter the 
effective interaction between nucleons in matter, for example reducing the net tensor force. 

However with all of these possible signals, it is hard to disentangle changes in nucleon 
structure from more conventional many-body effects. There are thus very few observables 
that provide clean evidence for changes in nucleon properties. 

V. SIGNALS OF SYMMETRY RESTORATION 



A. Axial charge 

One exception, which does seem to provide a clear indication of strong scalar fields in 
nuclei, is the effective axial charge. This is the matrix element of the time- component of the 
axial current. To leading order in a nonrelativistic expansion, the one- nucleon part of this 
operator is 

W^r, (4.1) 

and so is proportional to the nucleon velocity. For a free nucleon the axial charge coupling 
is equal to the more familiar axial current coupling, g c A = qa = 1.257 ± 0.003. In nuclei an 
effective axial charge is defined by 

c* 

(f\A \i) = ^(f\(<T.p)T\i) sm , (4.2) 

M N 

where (• • -) sm denotes the corresponding shell-model matrix element. All effects of corre- 
lations, meson exchange currents and nucleon modifications are contained in the effective 
charge g^. 

Interest in this quantity was reawakened by Warburton's studies of first-forbidden f3- 



decays of nuclei in the lead region [24]], showing enhancements of ~ 80-100% in the effective 
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axial charge. One-pion exchange has long been known to make a significant contribution to 
this quantity P5| , but this enhancement is limited to at most ~50% by a soft-pion theorem. 



Relativistic treatments show that the extra enhancement needed to explain the data can be 



provided by exchanges of heavier mesons [26 



Of particular importance is the exchange of a scalar, isoscalar meson. In phenomenologi- 
cal NN interactions this a meson represents the exchange of pairs of pions and is responsible 
for the intermediate-range attraction in relativistic models of nuclei ||22|| . At the mean- field 
level this interaction reduces the nucleon mass. Hence the velocity of a nucleon of given 
momentum increases, as does its contribution to the axial charge: 

9a=9ajt 7 - (4.3) 

1V1 N 

Note that, although in Dirac treatments of nucleons this effect arises from "Z-graphs", the 
form of this contribution to the enhancement is general, being determined by relativistic 
invariance alone. A similar contribution appears when nucleons are treated as composite 
particles f27|. 

Support for this as evidence of scalar fields in nuclei is provided by the the reaction 
pp — > ppn close to threshold, which probes similar physics and whose cross section shows a 
large enhancement over that expected from the one-nucleon process |28],|29|] . 



The enhancement of the axial charge thus provides strong evidence for large scalar fields 
in nuclei and a corresponding reduction in the nucleon mass. 



B. Vector mesons 



In nuclear matter, vector meson masses are also expected to decrease The elec- 



tromagnetic decays of these mesons into e + e~ pairs provide a possible way to "see" inside 
dense matter in way that cannot be done with strongly interacting probes. Two types of 
experiment are planned: at CEBAF E-94-002 will use photoproduction of vector mesons 
on nuclei, while at GSI the HADES detector will study lepton pairs from hot dense matter 
produced in relativistic heavy-ion collisions at around 1 GeV per nucleon. 
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An intriguing hint of what these experiments may find is provided by recent results from 
the CERES collaboration on e + e~ pairs from S on Au collisions at 200 GeV per nucleon 
||3 1|| . Compared with pp collisions, an enhancement is seen in the production of pairs with 
invariant masses around 400 MeV (between the n° — > e + e~7 Dalitz decay and p peaks). 
The spectrum of pairs has been rather well described [^] by a relativistic-transport model 
in which the p-meson mass is reduced to 380 MeV in the initial fireball (p ~ 3.5po and 
T ~ 185 MeV). However one should bear in mind that the uncertainties in the data are 
large. Also an alternative explanation has been proposed |33], based on medium effects on 
the 7T7T channel to which the p couples strongly. 

C. Pions and kaons 

Pions and kaons, as approximate Goldstone bosons, are rather different from heavier 
mesons. Their nonzero masses arise from the explicit breaking of chiral symmetry, as can 
be seen from the GOR relation (2.14). However, as that relation also shows, their masses 
depend on the quark condensate as well. 

In order to estimate the changes in the pion mass, one needs to know how both this 
condensate and the decay constant change in matter. At least at low densities, where 
the impulse approximation holds, one can relate these to pion scattering from a single 
nucleon. The amplitude for this contains an energy-independent term provided by the 
sigma commutator (or quark condensate) and an energy- dependent one, which corresponds 
to the change in the decay constant in matter. At threshold these cancel almost exactly 
to leave a very small isospin-symmetric scattering length. One therefore expects the mass 
of a low-momentum pion to be almost unchanged in matter at low densities [Q. If the 



quark condensate were to vanish at some high density, one might find interesting effects 
p5| . Either chiral symmetry could be restored or, if did not vanish at the same point, 
the pion could become very light, possibly signalling the onset of s-wave pion condensation 

0- 
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The behaviour of kaons in matter is less well understood but a similar mechanism could 
lead to s-wave kaon condensation in dense matter. The original estimates of this [[H[] assumed 
an unnaturally large KN sigma commutator but more realistic values still give a significant 
(scalar) attraction for both kaons and antikaons. Combined with the vector interaction, 
which is attractive for antikaons, this could lead to K~ condensation at a few times the 
density of nuclear matter [08 ]. That would have important consequences for supernovae and 
the formation of neutron stars |39| . 

At low densities however the impulse approximation leads to a weakly repulsive K~- 
nucleus potential, as a consequence of the A (1405) resonance just below the K~p threshold. 
Models that predict K~ condensation suggest that at higher densities this resonance is moved 



above the K~p threshold so that the potential then becomes attractive |40[ . Some support 
for this picture is provided by recent fits to data on kaonic atoms which find a density- 
dependent optical potential that is weakly repulsive in the nuclear surface and strongly 
attractive in the interior [ [41|[ . 

A similar attraction could also affect kaons in the hot dense matter produced in rel- 
ativistic heavy- ion collisions [}42|J , and this could provide a mechanism for the strangeness 
enhancement seen in the NA36 experiment P3H that does not involve a quark-gluon plasma. 



VI. CONCLUSIONS 

The model-independent result (3.2) for the quark condensate suggests that there is a 
significant degree of chiral symmetry restoration inside nuclei. Corrections to this result 
have been estimated and shown to be small up to normal nuclear densities. However ex- 
trapolations to higher densities show large and strongly model-dependent corrections. The 
symmetry restoration can have a longish range, similar to that of the attractive central po- 
tential between nucleons. Its effects should thus not be cut out by the hard-core correlations 
between nucleons. 

Consequences of a partial restoration of chiral symmetry are often hard to disentangle 
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for more conventional many-body effects. One exception is the enhancement of the axial 
charge which provides evidence for strong scalar fields in nuclei. Further evidence may come 
from studies of vector mesons in matter using their decays into lepton pairs. 
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